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1RPHQFODWXUH
fE QRUPDOL]HGFRPSUHVVLYHVWUHQJWKRIPDVRQU\XQLWV
fP FRPSUHVVLYHVWUHQJWKRIPRUWDUFODVVRIPRUWDU
fW ILEHUWHQVLOHVWUHQJWK
f\ \LHOGOLPLWRIVWHHOEDUV
fN FKDUDFWHULVWLFFRPSUHVVLYHVWUHQJWK
h ZDOOKHLJKW
l ZDOOOHQJWK
t ZDOOWKLFNQHVV
AK FURVVVHFWLRQDUHDRIWHVWVSHFLPHQVDORQJWKHGLDJRQDO
FYL YHUWLFDOIRUFHDWWKHiWKOHYHORIORDG
H\ YHUWLFDOVWUDLQ
H[ KRUL]RQWDOVWUDLQ
V\ YHUWLFDOFRPSUHVVLYHVWUHVV
WYL VKHDUVWUHVVDWWKHiWKOHYHORIORDG
WFUPY PHDQYDOXHRIVKHDUVWUHVVDWWKHILUVWFUDFNVYLVLEOHFUDFNLQJVKHDUVWUHVV
WXPY PHDQYDOXHRIXOWLPDWHVKHDUVWUHVVGHVWUXFWLRQVKHDUVWUHVV
0DWHULDOV
7HVW PRGHOV XVHG ZHUH PDGH RI EORFNV IURP $$& fE    1PP îî PP RI RQH RI 3ROLVK
PDQXIDFWXUHUVRQV\VWHPPRUWDUVRI0DQG0FODVVfP 1PPDQGfP 1PP6WHHOWUXVVHVRI()=
=W\SH\LHOGOLPLWRIf\ 1PPDQGPHVKHVPDGHRISODVWLFVVLQJOHILEHUWHQVLOHVWUHQJWKZDVfW 
1PPZHUHXVHGDVILUVWW\SHRIUHLQIRUFHPHQW7KHVHFRQGW\SHRIUHLQIRUFHPHQWXVHGZHUHPHVKHVPDGHRISODVWLFV
7KHWKLUGW\SHRIUHLQIRUFHPHQWZHUHEDVDOWPHVKHV7KHUHLQIRUFHPHQWUDWLRZDVHTXDODQGZDVORZHUWKDQ
WKHPLQLPXPFRGHOHYHO,QWKH)LJLVDYLHZRIUHLQIRUFHPHQWXVHGLQWKHWHVWV%DVDOWLFPHVKUHLQIRUFHPHQWZDV
XVHGRQO\LQUHVHDUFKRIPDVRQU\XQGHUFRPSUHVVLRQ


)LJ5HLQIRUFHPHQWXVHGLQWKHWHVWVIURPWKHOHIWWUXVVW\SHV\QWKHWLFPHVKEDVDOWLFPHVK
0RGHOVDQGWHVWLQJSURFHGXUH
:DOOFRPSUHVVLRQVWUHQJWKWHVWVZHUHSHUIRUPHGLQDFFRUGDQFHZLWK>@VWDQGDUG 7KHWHVWPRGHOV)LJZHUH
HUHFWHGRQGHVLJQHGPDVRQU\PRUWDUVLQWHQGHGIRUWKLQOD\HUMRLQWVRI0FODVV7KHPRGHOVZHUHPDGHZLWKILOOHG
DQGQRQILOOHGSHUSHQGMRLQWV5HVHDUFKZDVFRQGXFWHGLQDK\GUDXOLFSUHVV)LJ:DOOVKHDUWHVWZDVFRQGXFWHG
DFFRUGLQJWRWKH$PHULFDQ>@FRGH$OOPRGHOVPDGHFKDUDFWHUL]HGZLWKWKHVDPHGLPHQVLRQVDQGVKDSHV7KHOHQJWK
RIWKHPRGHOZDVl PPWKHKHLJKWZDVh PPDQGWKHWKLFNQHVVFRUUHVSRQGHGWRWKHWKLFNQHVVRIDVLQJOH
PDVRQU\XQLWVt PP±)LJVHULHVRIWHVWPRGHOVZHUHSHUIRUPHGLQWHUPVRIZKLFKIURPWRWHVWHOHPHQWV
ZHUHH[DPLQHG

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
)LJ%DVLFGLPHQVLRQVRIPRGHOVDQGGLPHQVLRQVRIWKH
PHDVXULQJDJUHHPHQW
)LJ9LHZRIWKHPRGHOZLWKWKHPHDVXULQJEDVHSXWLQWKHWHVW
PDFKLQH

7KHJLYHQVHULHVZHUHGLIIHUHQWLDWHGLQWHUPVRIW\SHRIPRUWDURUUHLQIRUFHPHQWDSSOLHG,QWKHVHULHVPDUNHGDV
5/61HOHPHQWVZLWKRXWUHLQIRUFHPHQWDQGILOOLQJLQRIKHDGMRLQWVZHUHPDGH


)LJ*HRPHWU\GLPHQVLRQVORFDWLRQDQGGHWDLOVRIUHLQIRUFHPHQWRIWHVWPRGHOVRIWKHEDVLFVHULHV1±VWHHOIODWEDUîPP2±URXQGEDU
PP, 3±PHVKSORWILEHU4±PHVKPDWUL[ILEHU
:KHQUHLQIRUFHPHQWLQWKHIRUPRIWUXVVHVZDVDSSOLHGDVHULHVPDUNHGDV5/6=FRPSRVHGRIPRGHOV$VHULHV
RIHOHPHQWVUHLQIRUFHGZLWKWUXVVHVZHUHVXSSOHPHQWHGDGGLWLRQDOO\ZLWKHOHPHQWVLQZKLFKGRXEOHPRUWDUOD\LQJRQ
EORFNVZDVDSSOLHG±5/6=,QFDVHVLQZKLFKPHVKPDGHRISODVWLFVZDVDSSOLHGWKHSURFHGXUHZDVVLPLODU
ZKLOHH[DPLQLQJRQHWKUHHHOHPHQWVHULHVPDUNHGDV5/6=7HVWHOHPHQWV1ZHUHSODFHGLQVSHFLDOVWHHOVRFNHWV2
VRWKDWRQHRIWKHGLDJRQDOVZDVVHWYHUWLFDOO\DQGWKHDUPVRIWKHVWHHOIL[LQJFRYHUHGFDRIWKHOHQJWKKHLJKW
RIWKHWHVWHGHOHPHQW±)LJ
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
)LJ'LDJRQDOFRPSUHVVLRQWHVWVWDQG
7KHVRFNHWVZHUHHTXLSSHGLQF\OLQGULFDOZULVWMRLQWZKLFKHOLPLQDWHGWKHLQIOXHQFHRIHFFHQWULFLWLHVZKLFKZHUH
IRUPHGE\DFFLGHQWZKLOHORDGLQJ7KHWHVWPRGHOVHTXLSSHGLQVWHHOIL[LQJZHUHSODFHGRQDFDUW7XQGHUWKHVWHHO
IUDPH6DQGORDGHGE\PHDQVRIDSSO\LQJFRQVWDQWLQFUHPHQWRIWKHK\GUDXOLFMDFNSLVWRQ3XQWLO WKHPRPHQWWKH
HOHPHQWZDVGDPDJHG7KHYLHZRIWKHWHVWVHWXSXVHGIRUWHVWLQJZDOOVWUHQJWKLQWKHSUHVHQFHRIREOLTXHVKHDULQJLV
SUHVHQWHGRQ)LJ'XULQJUHVWVWKHORDGLQJIRUFHZDVPHDVXUHGZLWKWKHXVHRIWZRFRPELQHGIRUFHJDXJHV4ZLWK
WKHUDQJHRIN1HDFKDQGKRUL]RQWDODQGYHUWLFDOGLVSODFHPHQWVZHUHDOVRPHDVXUHGZLWKWKHXVHRIJDXJHV57KH
GLVSODFHPHQWVHQVRUVZHUHSODFHGDORQJWZRGLDJRQDOVRQERWKVLGHVRIWKHPRGHOWKHPHDVXUHPHQWZDVSHUIRUPHG
RQWKHEDVHOHQJWKDPRXQWLQJWRPP7KHOHQJWKRIWKHEDVHZDVVHOHFWHGSXUVXDQWWRWKHJXLGHOLQHVRI$670
(>@VWDQGDUGVRWKDWWKH\FRYHUHGWKHJUHDWHVWOHQJWKRIWKHGLDJRQDO$WHDFKUHJLVWHUHGIRUFHFLDWWKHnWK
OHYHORIORDGWKHYDOXHRIDYHUDJHVKHDUVWUHVVHVWYLZDVFDOFXODWHGDVWKHTXRWLHQWRIORDGFYLDQGDUHDRIWKHZDOO
FURVVVHFWLRQDORQJWKHGLDJRQDOAKIURP
 hlt
F
A
F i,v
h
i,v
i,v

  W    
LQZKLFKt  PPl  PPh  PP
5HVXOWVRIWHVWV
4.1. Compressive tests 
,QDGGLWLRQWRUHVHDUFKRIUHLQIRUFHGPDVRQU\ZDOOVDOVRSHUIRUPHGWHVWVZLWKRXWUHLQIRUFHPHQW7KHUHVXOWVRIWKHVH
WHVWVDUHGHVFULEHGLQ>@,QWHVWVRIPDVRQU\XQGHUFRPSUHVVLRQWKHYDOXHVRIFUDFNLQJDQGGHVWUXFWLRQVWUHVVZHUH
GHWHUPLQHGE\PHDQVRIGLYLGLQJWKHIRUFHE\WKHPHDVXUHGDUHDRIWKHWHVWHOHPHQW7KHYDOXHVRIWKHPRGXOXVRI
HODVWLFLW\DQGWUDQVYHUVHGHIRUPDELOLW\FRHIILFLHQW3RLVVRQ¶VUDWLRZHUHGHWHUPLQHGZLWKWKHVWUHVVHTXDOWRRIWKH
PD[LPXPVWUHVV7DEOHLQFOXGHVWKHDYHUDJHSDUDPHWHUVLQWHUPVRIHDFKVHULHV7KHFKDUWVRIDYHUDJHGHSHQGHQFLHV
RIVWUHVVV\YHUWLFDOGHIRUPDWLRQH\DQGKRUL]RQWDORQHVH[DUHVKRZQRQ)LJV,GHQWLILFDWLRQRIVLQJOHWHVWVHULHV
DUHJLYHQLQ7DEOH



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7DEOH5HVXOWVRIPDVRQU\FRPSUHVVLYHVWUHQJWKWHVWVDYHUDJHGIURPHDFKVHULHV
QXPEHUDQGGHVFULSWLRQRIWKHWHVWVVHULHV
&UDFNLQJ
VWUHVV
1PP
0D[LPXP
VWUHVV
1PP
0RGXOXVRI
HODVWLFLW\
1PP
3RLVVRQ¶V
UDWLR
8QUHLQIRUFHG
PRGHOV
61
QRQILOOHGYHUWLFDOMRLQWV    
61
ILOOHGYHUWLFDOMRLQWV    
0RGHOVZLWK
UHLQIRUFHPHQW
6=N
QRQILOOHGYHUWLFDOMRLQWVWUXVVW\SHUHLQIRUFHPHQW    
6=6W
QRQILOOHGYHUWLFDOMRLQWVV\QWKHWLFPHVKUHLQIRUFHPHQW    
6=6E
QRQILOOHGYHUWLFDOMRLQWVEDVDOWLFPHVKUHLQIRUFHPHQW    
6=N
ILOOHGYHUWLFDOMRLQWVWUXVVW\SHUHLQIRUFHPHQW    
6=6W
ILOOHGYHUWLFDOMRLQWVV\QWKHWLFPHVKUHLQIRUFHPHQW    
6=6E
ILOOHGYHUWLFDOMRLQWVEDVDOWLFPHVKUHLQIRUFHPHQW    

D E

)LJDJUDSKDYHUDJHGUHODWLRQFRPSUHVVLYHVWUHQJWKV\YHUWLFDOGHIRUPDWLRQH\EJUDSKDYHUDJHGUHODWLRQFRPSUHVVLYHVWUHQJWKV\
KRUL]RQWDOGHIRUPDWLRQH[
4.2. Shear tests 
7KHGDPDJHRIDOOWKHUHLQIRUFHGDQGXQUHLQIRUFHGWHVWHOHPHQWVLQZKLFKVLQJOHODLGPRUWDUZDVDSSOLHGLQEHG
MRLQWVZDVRIVXGGHQFKDUDFWHULWPHDQVWKDWZKLOHORDGLQJQRFUDFNVYLVLEOHRQWKHZDOOVXUIDFHDSSHDUHGRQO\VLQJOH
DQGQRWYHU\LQWHQVLYHFUDFNOHVZHUHKHDUG
7KHHOHPHQWVZLWKWKHUHLQIRUFHPHQWWUXVVHVDQGPHVKHVLQZKLFKWKHPRUWDUDSSO\LQJRQO\RQVLQJOHEHGVXUIDFH
RIPDVRQU\XQLWVEHKDYHGMXVWOLNHXQUHLQIRUFHGVSHFLPHQVZLWKXQILOOHGKHDGMRLQWV7KHORVVRIDGKHVLRQRFFXUUHGDW
WKHLQWHUIDFHRIWKHUHLQIRUFHPHQWDQGPDVRQU\XQLWV±)LJDE,QWKHUHLQIRUFHGPRGHOVLQZKLFKPRUWDUZDVODLG
RQWKHEHGMRLQWDQGRQWKHVXSSRUWVXUIDFHVRI WKHPDVRQU\XQLWVGRXEOHPRUWDU OD\LQJ WKHFKDUDFWHURIGDPDJH
FKDQJHG7DEOHVKRZVWKHDYHUDJHUHVXOWVRIVWUHVVHVLQWKHPRPHQWRIFUDFNLQJĲFUPYDQGGHVWUXFWLRQĲXPY,QWKH
PRGHOV ZLWK WKLQ EHG MRLQW IURP0 PRUWDU DYHUDJH VWUHVVHV DPRXQWHG WR WFUPY    1PP ZKLOH LQ RWKHU
XQUHLQIRUFHGDQGUHLQIRUFHGVLQJOHPRUWDU OD\LQJVHULHV WKHVWUHVVHVZHUHVPDOOHU*UHDWHUVWUHVVHV LQ WKH WLPHRI
FUDFNLQJWFUPY 1PPZHUHSUHVHQWLQWKHPRGHOUHLQIRUFHGZLWKWUXVVHVLQZKLFKPRUWDUZDVODLGLQGRXEOH
OD\HUV7KHPD[LPXPDYHUDJHVWUHVVDWWKHWLPHRIGHVWUXFWLRQREWDLQHGLQWKHPRGHOVZLWKWKLQEHGMRLQWIURP0
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PRUWDUZLWKWKHWKLFNQHVVRIWKHZDOOZLGWKVLQJOHPRUWDUOD\LQJDPRXQWHGWRWXPY 1PP,QRWKHUVHULHVRI
HOHPHQWVPDGHRQWKHVDPHPRUWDUVPDOOHUVWUHVVHVZHUHREWDLQHG

D E F

)LJDFKDUDFWHULVWLFVFUDFNLQJSDWWHUQVRIUHLQIRUFHGVSHFLPHQVZLWKWUXVVHVZLWKWKHPRUWDUODLGRQRQHVLGHEHOHPHQWVUHLQIRUFHGZLWK
PHVKHVPDGHRISODVWLFVZLWKWKHPRUWDUODLGRQRQHVLGHFVSHFLPHQVUHLQIRUFHGZLWKWUXVVUHLQIRUFHPHQWZLWKWKHGRXEOHPRUWDUOD\LQJ
7DEOH7KHUHVXOWVRIWHVWVVKHDUHOHPHQWV
6HULHV
WFUPY 
1PP
WXPY 
1PP

5/61
 

5/6=
 

5/6=
 

5/6=
 
$QDO\VLVRIWHVWVUHVXOWV
5.1. Compressive tests 
7KHVWUHQJWKRIUHLQIRUFHGDQGXQUHLQIRUFHGPDVRQU\XQILOOHGSHUSHQGMRLQWVZDVJUHDWHUWKDQWKHVWUHQJWKRIVLPLODU
ZDOOV ZLWK ILOOHG YHUWLFDO MRLQWV 7KH ODUJHVW FRPSUHVVLYH VWUHQJWK DFKLHYHG ZDOOV UHLQIRUFHG ZLWK WUXVV W\SH
UHLQIRUFHPHQWDQGPDVRQU\ZLWKEDVDOWLFPHVK7KHXVHRIWUXVVW\SHUHLQIRUFHPHQWLQFUHDVHGWKHVWUHQJWKRIWKHZDOO
E\LQWKHZDOOVZLWKXQILOOHGSHUSHQGMRLQWVDQGE\LQWKHZDOOVZLWKILOOHGMRLQWV7KHXVHRIV\QWKHWLFPHVK
UHLQIRUFHPHQWLQFUHDVHGWKHVWUHQJWKRIWKHZDOOE\LQWKHPDVRQU\ZLWKXQILOOHGYHUWLFDOMRLQWVDQGLQWKH
ZDOOVZLWKILOOHGMRLQWV%DVDOWLFPHVKUHLQIRUFHPHQWLQFUHDVHGWKHFDSDFLW\RILQWKHZDOOVZLWKXQILOOHGSHUSHQG
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MRLQWVDQGLQWKHZDOOVZLWKILOOHGMRLQWV7KHXVHRIUHLQIRUFHPHQWFDXVHGDFKDQJHRIWKHPRGXOXVRIHODVWLFLW\
DQG3RLVVRQ¶VUDWLR7KHXVHRIUHLQIRUFHPHQWFDXVHGDGHOD\RIWKHILUVWFUDFNVRI·LQPRGHOVRIXQILOOHG
YHUWLFDOMRLQWVDQGE\·LQPRGHOVRIEXWWZHOGVILOOHG
5.2. Shear tests 
7KHWHVWVVKRZHGWKDWWKHFUDFNLQJDQGGDPDJHSURFHVVZDVRIVXGGHQFKDUDFWHUUHODWHGWRWKHORVVRIDGKHVLRQ
EHWZHHQWKHZDOOHOHPHQWVDQGPRUWDU7KHH[FHSWLRQVZHUHWKHHOHPHQWVUHLQIRUFHGZLWKWUXVVHVLQZKLFKPRUWDUODLG
LQEHGMRLQWVDQGRQWKHIDFHVXUIDFHVRIPDVRQU\XQLWVZDVDSSOLHG7KHQILUVWFUDFNVRIZDOOHOHPHQWVDSSHDUHGDQG
WKHQFUDFNVRIEHGMRLQWVDQGKHDGMRLQWV7KHDSSOLFDWLRQRIUHLQIRUFHPHQWLQWKHEHGMRLQWVZKHQWKHPRUWDUZDVODLG
RQO\RQRQHEHGVXUIDFHRIWKHZDOOHOHPHQWVUHGXFHVWKHYDOXHVRIFUDFNLQJDQGEUHDNLQJVWUHVVHVLQUHODWLRQWRWKH
YDOXHVREWDLQHGLQWKHXQUHLQIRUFHGZDOOV7KHPRVWDGYDQWDJHRXVW\SHRIUHLQIRUFHPHQWZDVWUXVVHVLQFDVHRI
ZKLFKFDLQFUHDVHRIFUDFNLQJDQGEUHDNLQJVWUHVVHVZDVREWDLQHG7KHDGYDQWDJHRXVLPSDFWRIUHLQIRUFHPHQW
RQVWUHQJWKSDUDPHWHUVZDVDFKLHYHGRQO\ZKHQWKHPRUWDUZDVODLGWZLFHRQERWKVXSSRUWVXUIDFHVRIZDOOHOHPHQWV
&RQFOXVLRQV
7KHFRQGXFWHGWHVWVDOORZWRIRUPXODWHWKHIROORZLQJFRQFOXVLRQV
y WKHODUJHVWFRPSUHVVLYHVWUHQJWKQRWHGDUHLQIRUFHGZDOOZLWKILOOHGSHUSHQGMRLQWV
y WKHPRVWHIIHFWLYHSURYHGWREHEDVDOWLFPHVKUHLQIRUFHPHQW
y FUDFNVLQWKHUHLQIRUFHGZDOOVXQGHUFRPSUHVVLRQRFFXUUHGODWHUWKDQLQWKHXQUHLQIRUFHGZDOOV,QPRGHOVZLWK
XQILOOHGSHUSHQGMRLQWVFUDFNVDSSHDUHGDERXWODWHUZKLOHLQWKHZDOOVZLWKILOOHGYHUWLFDOMRLQWVDERXW
ODWHUWKDQLQPRGHOVZLWKRXWUHLQIRUFHPHQW
y LQWKHFDVHRIWKHZDOOVXQGHUFRPSUHVVLRQZLWKILOOHGYHUWLFDOMRLQWVPRGXOXVRIHODVWLFLW\GHFUHDVHGLQPRGHOV
UHLQIRUFHGV\QWKHWLFPHVKRQDYHUDJHZKHUHDVLQ WKHPRGHOVZLWKWUXVV W\SHUHLQIRUFHPHQWDQGZLWK
EDVDOWLFPHVKDQG2QPRGHOVZLWKILOOHGSHUSHQGMRLQWVWKHPRGXOXVRIHODVWLFLW\GHFOLQHVRI·

y 3RLVVRQ
V UDWLR LQFUHDVHG LQDOPRVWDOO UHLQIRUFHGPRGHOVXQGHUFRPSUHVVLRQ ·2QO\RQPRGHOV
UHLQIRUFHGZLWKV\QWKHWLFPHVKZLWKXQILOOHGYHUWLFDOMRLQWVZDVDVOLJKWGHFOLQH
y DSSOLFDWLRQRIUHLQIRUFHPHQWLQWKHEHGMRLQWVZKHQPRUWDULVODLGRQO\RQRQHEHGVXUIDFHRIPDVRQU\XQLWV
VLQJOHPRUWDUOD\LQJKDYHDGLVDGYDQWDJHRXVHIIHFWRQWKHYDOXHVRIFUDFNLQJDQGGHVWUXFWLRQVWUHVVHV
y WKHDGYDQWDJHRXVLPSDFWRIUHLQIRUFHPHQWRQVWUHQJWKSDUDPHWHUVZDVDFKLHYHGRQO\ZKHQWKHPRUWDUZDV
ODLGRQERWKEHGVXUIDFHVRIPDVRQU\XQLWVGRXEOHPRUWDUOD\LQJ
$FNQRZOHGJPHQW
7KHDXWKRUVRIWKHWHVWVH[SUHVVVSHFLDOJUDWLWXGHWR6ROEHW6S]RR&RPSDQ\IRUHVVHQWLDODQGPDWHULDODVVLVWDQFH
LQWKHFRXUVHRIWHVWVUHDOL]DWLRQ
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